The hippocampus appears to play an essential role in the encoding of configural and temporal relationships between experiential elements thereby supporting memory for environmental contexts and discrete episodes (Rudy and Sutherland 1995) . A related hypothesis is that the hippocampus serves as a functional comparator of present and past (stored) experience, and consequently directs attention and mnemonic processes to the novel aspects of present experience (Margulies 1985; Otto and Eichenbaum 1992; Knight 1996; Mizumori et al. 1999; Moser and Paulsen 2001; Vinogradova 2001; Fyhn et al. 2002; Norman and O'Reilly 2003) . A comparator capability of the hippocampus seems plausible given the converging parallel neural pathways by which multimodal sensory information is presented to the hippocampus. The entorhinal cortex serves as an anatomical gateway through which the majority of cortically processed information is presented to the hippocampus. This cortical information is relayed directly (via monosynaptic connections) to CA1 neurons (originating primarily from layer three of the entorhinal cortex) or to CA3 neurons (originating primarily from layer two of the entorhinal cortex) (Steward and Scoville 1976; Remondes and Schuman 2004; Witter and Amaral 2004) . In addition, CA1 neurons are presented with cortical information (originating primarily from layer two of the entorhinal cortex) that has first been processed by the dentate gyrus and CA3, via the serial connections of the hippocampal formation trisynaptic circuit (Andersen et al. 1971) . Although both CA1 and CA3 neurons receive direct and indirect neural input from entorhinal cortex, several hippocampal-circuit models propose that CA1 neurons have unique access to both past (stored) and ongoing experiential neural patterns (Hasselmo and Schnell 1994; Moser and Paulsen 2001; Norman and O'Reilly 2003) . Alternatively, other models posit an important role of CA3 neurons (Mizumori et al. 1999; Vinogradova 2001; Lee et al. 2005a ) and/or dentate gyrus granule cells (Meeter et al. 2004; Lee et al. 2005a) in the detection of novel features of experience.
Implicit in these models of hippocampal function is the assumption that the hippocampus is engaged differently when presented with novel versus familiar stimuli patterns. There is some evidence for experience-dependent differences in rodent hippocampal activity that are manifest by electrophysiological differences in individual or ensemble neuronal activity patterns (Otto and Eichenbaum 1992; Fyhn et al. 2002; Nitz and McNaughton 2004) . Neuroimaging studies in humans have detected increased fMRI activity in the hippocampal region during encoding of novel visual stimuli (Stern et al. 1996; Johnson et al. 2008) . Moreover, humans with hippocampal damage exhibit altered event-related potentials in response to novel stimuli (Knight 1996) .
Hippocampal activity that varies with the novelty of an experience may be important for guiding ongoing behavior (e.g., exploratory behavior and vigilance), and if so, should also produce detectable differences in activity of hippocampal efferents. In addition, detection of novelty may be important for altering neuroplastic processes within components of the hippocampus.
The goal of our study was to examine across hippocampal formation subregions the levels of a cellular marker of neural activity and neuroplasticity (Fos expression) associated with environmental experiences that vary in novelty and complexity. The expression of the protein product, Fos, of the immediate early gene, c-fos, may be a good molecular indicator of recent increases in general molecular changes that contribute to neuroplasticity. Expression of Fos reflects an intracellular state of cells that varies primarily as a result of recent activation by intercellular signals (e.g., neurotransmitters, hormones, paracrine factors, and adhesion molecules) (Herdegen and Leah 1998) . Hippocampal Fos expression is associated with recent increases in neuronal firing, although apparently in a complex fashion (Labiner et al. 1993) . Increases in hippocampal Fos is also believed to be an important mediator of activity-dependent neuroplasticity (Sheng and Greenberg 1990) .
In our study we examined the number of Fos immunopositive cells in the dentate gyrus, subregions of the hippocampus (CA1, CA2, CA3, and CA4), and layers two and five of the lateral entorhinal cortex. In addition, we examined Fos immunoreactivity in the perirhinal cortex. There is accumulating support for this brain region to play a role in the detection of novel stimuli in a configuration independent manner (Brown and Aggleton 2001; Kumaran and Maguire 2007) . For comparison purposes, we also examined Fos expression patterns in primary somatosensory cortex, primary motor cortex, and the hypothalamic paraventricular nucleus (PVN). Fos expression levels in the somatosensory and motor cortex may reflect the varying amounts of somatosensation and motor activity present during the experimental test-day experiences. Fos expression levels in the PVN may reflect the varying amounts of test-day stress and anxiety associated with the different treatment conditions. Several other rat studies have examined the relationship between stimuli novelty (e.g., visual images, extramaze environmental cues, or new learning tasks) and Fos expression in the hippocampus (Hess et al. 1995a; Wan et al. 1999; Vann et al. 2000) . Whereas those other studies utilized tasks that had a training phase and operant reward component, our study examined Fos expression in rats placed in a novel or familiar environment with no training components or operant contingencies. The pattern of Fos expression associated with unrewarded exploratory behavior may better reflect the extent to which novelty and complexity differentially and automatically engage the hippocampus than does the pattern of Fos expression associated with various learning regimens and their particular task demands (Kumaran and Maguire 2007) .
Results

Experiment 1: Variation in environmental complexity
The first experiment examined whether exposure of rats to a novel environment (arena) with varying complexity (zero, one, or five objects within the arena) produced varying amounts of Fos immunoreactivity within the hippocampus and dentate gyrus. Placement of rats for the first time into the arena produced a large increase in the number of Fos immunoreactive cells in the principal cell layer of the CA1, CA3, and CA4 subdivisions of the dorsal hippocampus and in the suprapyramidal granule cell layer of the dentate gyrus (F (3,12) = 9.5-34.6, P < 0.01; Figs. 1 and 2 ). The amount of Fos immunoreactivity induction was similar regardless of whether the arena was empty or had one or five objects placed on its floor. There was also a trend for the novel exposure to produce an increase in Fos immunoreactivity within the CA2 subdivision of the dorsal hippocampus (F (3,12) = 2.7, P = 0.09).
Experiment 2: Variation in environmental novelty
The second experiment examined whether exposure of rats to an environment with varying amounts of novelty (first time in arena, fifth time in arena, or fifth time in arena with one or five novel objects on the floor) produced varying amounts of Fos immunoreactivity within the hippocampus, dentate gyrus, lateral entorhinal cortex, perirhinal cortex, and select other comparison brain regions. In addition, exploratory behavior was monitored on the test day.
Ambulatory behavior
Overall, rats appeared to actively explore the arena and any objects that it contained. The rats moved throughout the arena and at times, sniffed, pushed, and climbed on the objects. The greatest amount of ambulation occurred during the first 10 min after placement in the arena, and it declined substantially for all groups by the second 10 min interval (time main effect, F (1,24) = 84.3, P < 0.01) (Fig. 3) . Rats that were placed in the arena for the fifth time had significantly less overall activity during the first 10 min than rats placed in the arena for the first time, or rats Coronal section (∼3.6 mm posterior to bregma); labeled ROI are (1) CA3, (2) CA1, (3) dentate gyrus, suprapyramidal blade, (4) dentate gyrus, infrapyramidal blade, (5) CA4, (6) CA2, (7) lateral entorhinal cortex, layer two, (8) lateral entorhinal cortex, layer five, and (9) perirhinal cortex. placed in the arena for the fifth time with five novel objects placed on the floor [treatment group main effect, F (3,24) = 6.2, P < 0.01, and post-hoc comparison, P < 0.05, Neuman-Keuls test (N-K)]. During the second 10 min, rats that were placed in the arena for the fifth time with five novel objects were significantly more active than the other three treatment groups (P < 0.05, Fisher's least significant difference).
Fos in hippocampal formation, entorhinal cortex, and perirhinal cortex
Placement of rats in the arena for the first or fifth time ‫ע‬ novel objects produced a large increase in the number of Fos immunoreactive cells in the principal cell layer of all hippocampal subdivisions (F (4,35) = 4.1-22.5, P < 0.01), lateral entorhinal cortex layers two (F (4,35) = 2.7, P < 0.05) and five (F (4,35) = 10.5, P < 0.01), and the perirhinal cortex (F (4,35) = 16.5, P < 0.01) (Figs. 1 and 4). These test day experiences produced a more modest percent increase in the number of Fos immunoreactive cells in the suprapyramidal granule cell layer of the dentate gyrus (F (4,35) = 3.2, P < 0.05). In contrast, these test day experiences produced a decrease in the number of Fos immunoreactive cells in the infrapyramidal granule cell layer of the dentate gyrus (F (4,35) = 3.9, P < 0.05).
In contrast to the between-group Fos expression patterns of Experiment 1, in this experiment there were three brain regions in which the magnitude of Fos induction differed between the different arena exposure treatment groups. Rats placed in an empty arena for the first time or placed in an arena for the fifth time with five novel objects had significantly more Fos immunoreactive cells in the CA1 hippocampal subregion than rats placed in the arena for the fifth time without any novel objects (P < 0.05, N-K) (Figs. 4 and 5) . In CA1 there was a striking between-group Fos expression pattern that corresponded to the degree of environmental novelty. The greatest amount of Fos expression was present in the group of rats exposed to the arena for the first time, whereas rats that had prior exposure with the arena exhibited an increasing graded response that depended on whether the arena contained zero, one, or five novel objects on the test day (Figs. 4 and 5) . Rats that were placed in the arena for the first time also had significantly more Fos immunoreactive cells in layer five of the lateral entorhinal cortex (P < 0.05, Fisher's least significant difference) and perirhinal cortex (P < 0.05, N-K) than rats placed in the arena for the fifth time (Figs. 4 and 6).
Fos in PVN, primary motor cortex, and primary somatosensory cortex
Placement of rats in the arena for the first or fifth time ‫ע‬ novel objects produced a large increase in the number of Fos immunoreactive cells in the hypothalamic paraventricular nucleus (F (4,33) = 6.6, P < 0.01), primary somatosensory cortex (barrel fields; F (4,35) = 4.6, P < 0.01), and primary motor cortex (F (4,34) = 26.9, P < 0.01). However, the increased Fos expression relative to the home-cage control rats was comparable in all rats placed in the arena regardless of prior exposure to the arena or the number of novel objects present in the arena on the test day (Figs. 1 and 7).
Correlation between Fos and ambulatory behavior or test day novelty condition
Examination of the group mean Fos expression patterns in the various brain regions (Figs. 4 and 7) suggests that there was not a strong relationship between the amount of Fos expression and the overt activity of rats during their exposure to the arena on the test day (Fig. 3) . Rather, for some brain regions described above (CA1, layer five ERC, and perirhinal cortex) there appeared to be a strong relationship between the amount of Fos induction and the extent of environmental novelty that was present during the test session. To further examine these relationships we conducted correlation analyses: (1) between Fos expression levels in a given brain region and total ambulatory behavior during the test session or (2) between Fos expression levels in a given brain region and the ordinal rank of novelty that we expect was asso- Figure 3 . Effect of first time placement in arena or fifth time placement in arena (with zero, one, or five novel objects) on ambulatory behavior. Rats were placed for the first time in a circular arena that contained zero objects on its floor ("Naïve" group), or fifth time in the arena with zero, one, or five novel objects on the floor. Ambulatory behavior (see Materials and Methods) was scored for the first and second 10-min intervals while in the arena. * P < 0.05, compared to rats placed in the arena for the fifth time with zero objects ("Arena" group) during the same time interval (N-K test); † P < 0.05, compared to the other three treatment groups during the same time interval (Fisher's least significant difference test).
Figure 2.
Effect of first time placement in an arena with varying environmental complexity on relative Fos expression within hippocampal subregions. Rats were placed for the first time in a circular arena that contained zero, one, or five objects on its floor. After arena exposure (30 min) rats were returned to their home cage for an additional 120 min. Control rats remained in their home cage. * P < 0.01, compared to homecage control treatment group (N-K test).
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Learning & Memory ciated with each test condition. Our a priori expected extent of novelty present was assigned a rank value of 1-4 (see Materials and Methods, Statistical analysis). There was not a significant correlation between ambulatory activity and Fos expression in any of the brain regions examined (Table 1) . In three brain regions examined there was a nominally significant (P < 0.05) positive correlation between Fos expression and novelty rank (Table  1) . These three brain regions were the same ones that exhibited a significant difference in Fos expression between the different arena exposure conditions-CA1, layer five of ERC, and perirhinal cortex. One of these brain regions, CA1, displayed an especially strong correlation with novelty rank (r = 0.61), and this correlation was statistically significant when using the Bonferroni method to control for multiple comparisons (P < 0.002).
Discussion
The key finding of this study was that environmental novelty was associated with a selective increase in Fos expression in the final element of the trisynaptic circuit (CA1 neurons), its projection site (layer five of the entorhinal cortex), and the perirhinal cortex. In contrast, there was no association between Fos expression and environmental novelty in the upstream elements of the trisynaptic circuit (neurons in layer two of the entorhinal cortex, dentate gyrus, and CA3). Although a wide range of experiences lead to an increase in hippocampal Fos expression, investigators have yet to determine the extent to which Fos expression levels may be associated with certain features of experience. In this study, placement of rats in an arena produced a substantial increase in the number of Fos immunoreactive cells in all brain regions examined, with the one exception being the infrapyramidal blade of the DG (see discussion at the end of this section). The widespread Fos induction in the brains of rats exposed to an experience outside of their home cage compared to very low Fos levels in home-cage control rats is a hallmark characteristic of Fos expression, and has been observed in many other studies (Herdegen and Leah 1998) . We found, however, in our first experiment that the number of Fos immunoreactive cells did not vary with the stimulus complexity of the arena setting. Thus, there were equivalent amounts of Fos induction in rats that were placed in an arena containing zero, one, or five objects. This may indicate that hippocampal Fos induction is not related to this particular dimension of stimulus complexity. Another possibility is that the stimulus complexity of the arena itself was sufficient to produce a ceiling level of Fos induction. Vann et al. (2000) observed greater amounts of Fos immunoreactivity in the hippocampus of rats that had been trained and tested to retrieve food pellets on an eight-arm radial arm maze compared to rats that were trained and tested on a single arm of the test apparatus. The differential Fos induction in that study may be associated with differing degrees of spatial complexity; however, an association with different task demands of the two test conditions cannot be ruled out.
In our second experiment we added a novelty dimension, and we extended our Fos expression analysis to additional brain regions. We also examined the ambulatory behavior of each rat during arena exposure on the test day. Exploratory behavior in rats typically decreases with environmental and object familiarity, and the relative levels of exploratory behavior have been used by others as a measure of object/environment recognition (Save et al. 1992; Lee et al. 2005a; Mumby et al. 2007 ). In our study rats spent more time moving around (exploration) in an arena that contained no objects on the first exposure than on the fifth exposure. Thus, rats displayed behavioral habituation upon repeated exposure to an arena. Rats spent even more time exploring an arena on the fifth exposure when it contained five novel objects than did rats exposed to an arena for the first time (with no objects) or for the fifth time when it contained one novel object, suggesting an additional effect of environmental complexity on the amount of ambulatory behavior.
The relative Fos expression levels associated with the different treatment groups displayed a different pattern than the relative levels of exploratory behavior associated with the different treatment groups. In most brain regions examined Fos expression levels were elevated to comparable levels in rats exposed to the arena, regardless of whether it was the first or fifth exposure or whether the arena contained zero, one, or five novel objects on the test day. This was even the case in the primary somatosensory and motor cortex despite the fact that behaviorally the rats displayed significant differences in ambulatory behavior between some of these conditions, as described above. Presumably, the amount of ambulatory behavior was positively associated with the amount of whisker activity and somatosensory input to the barrel fields (the primary sensory cortical region for rat whisker sensation). A positive correlation has been found for the amount of c-fos mRNA in the barrel fields and the intensity of whisker stimulation via magnetic field manipulation of wire filaments attached to individual whiskers (Melzer and Steiner 1997) . Similarly, a positive correlation has been observed between the electrophysiological activity of the primary motor cortex and muscle activity (Brecht et al. 2004) . Apparently, however, the different Figure 4 . Effect of first time placement in arena or fifth time placement in arena (with zero, one, or five novel objects) on relative Fos expression within hippocampus, entorhinal cortex, and perirhinal cortex. Rats were placed for the first time in a circular arena that contained zero objects on its floor ("Naïve" group), or fifth time in the arena with zero, one, or five novel objects on the floor. After arena exposure (30 min) rats were returned to their home cage for an additional 120 min. Control rats remained in their home cage. The relative Fos expression in the various subregions is presented in the order left to right that approximates the serial order of neural connections between these subregions, ending with perirhinal cortex that has reciprocal connections with entorhinal cortex (ERC = lateral entorhinal cortex, DG = dentate gyrus). * P < 0.05, compared to home-cage control treatment group (N-K test). †, # P < 0.05, compared to rats placed in the arena for the fifth time with zero objects ("Arena" group); ( †, N-K test; #, Fisher's least significant difference test). 
amounts of motor and somatosensory activity that result from exploration of an arena (and objects within that arena) are not associated with different numbers of Fos immunoreactive cells within the primary motor and somatosensory cortex.
It is noteworthy that in our second experiment there were three brain regions, the hippocampal CA1 subregion, layer five of the lateral ERC, and the perirhinal cortex in which novelty was associated with a significant increase in the number of Fos immunoreactive cells. Thus, in those three brain regions there were a greater number of Fos immunoreactive cells in rats exposed to the arena for the first time compared to the fifth time. This difference was especially pronounced in the CA1 subregion. Moreover, in the CA1 subregion there appeared to be a novelty "dose- Figure 5 . Representative photomicrographs of Fos immunoreactivity within the CA3 and CA1 hippocampal subregions of individual rats exposed to varying amounts of novelty. Note the increased number of Fos immunoreactive cells in the CA1, but not CA3, hippocampal subregion of rats placed in an arena for the first time (Naïve) or fifth time with five novel objects (Arena + five objects) compared to rats placed in an arena for the fifth time with zero or one novel object (Arena, Arena + one object, respectively). response" relationship, with a graded increase in the number of Fos immunoreactive cells in rats re-exposed to an arena that contained zero, one, or five novel objects, respectively, on the test day. This observation is supported by the fact that within the CA1 subregion there was a strong correlation between Fos expression and the manipulated amount of environment novelty present during the test condition. Somewhat surprisingly, there was no statistically significant correlation between Fos expression patterns and ambulatory behavior on the test day in any of the brain regions examined. Perhaps hippocampal encoding of environmental novelty is not closely coupled with the absolute ambulatory activity of the rat as it physically engages with the environment.
The selective association of Fos induction with novelty in CA1 and layer five of the entorhinal cortex has some interesting implications given the known neural connections of the hippocampal formation as described in the introduction. CA1 neurons may serve as comparators for cortically derived information that has and has not been processed by the hippocampal trisynaptic circuit. CA1 neurons also provide the primary cortical output from the hippocampus. A majority of this output is relayed through the subiculum and layer five of the entorhinal cortex (Witter and Amaral 2004). Consequently, activity of CA1 neurons and their target cells (entorhinal cortex layer five) are likely to reflect emergent neural processing of the hippocampus. Based on a variety of experimental evidence, researchers believe that an important function of the hippocampus is novelty detection, especially as it relates to novel associations between experiential elements (Hasselmo and Schnell 1994; Knight 1996; Zhu et al. 1997; Moser and Paulsen 2001; Vinogradova 2001; Meeter et al. 2004; Kumaran and Maguire 2007) . Results from our study suggest that a manifestation of novelty detection is increased Fos expression within CA1 and entorhinal cortex layer five. The Fos expression patterns that we observed may or may not indicate that a greater number of neurons in these subregions are electrophysiologically active as a result of novelty (Labiner et al. 1993) . Nevertheless, several studies observed a higher firing rate of CA1 pyramidal cells associated with novel environmental or task features (Otto and Eichenbaum 1992; Fyhn et al. 2002; Nitz and McNaughton 2004) . Our study demonstrates that as a result of novelty, more cells in the CA1 and entorhinal cortex layer five are engaged in a manner sufficient to produce increased Fos expression. Based on this evidence we conclude that some aspect of novelty detection must originate within the hippocampus since novelty-associated differences in Fos expression were observed in hippocampal output, but not input, elements. The functional significance of greater Fos induction remains to be determined, but given its role as a transcription factor, it is likely to contribute to transcriptionally dependent neuroplasticity (Sheng and Greenberg 1990 ). This neuroplasticity-supporting molecular event is not necessarily accompanied by parallel changes in expression patterns of other immediate early genes. Guzowski et al. (2006) found that the amount of experience-induced Arc gene expression in hippocampal CA1 neurons does not change across daily open-field exposure sessions repeated over 9 d, but instead decrements when sessions are spaced closely together (intersession intervals 25-55 min).
Several other studies have also observed an increase of Fos expression within the CA1 hippocampal subregion with other conditions of novelty (Wan et al. 1999; Vann et al. 2000) . However, other factors in addition to novelty are likely to produce CA1 selective increases in Fos expression. One study found a CA1 selective increase in Fos expression with a more explicit learning situation-re-exposure of mice to a conditioned fear context (Strekalova et al. 2003) . It should also be noted that novelty per se may not be sufficient to induce Fos in the CA1 subdivision. Pace et al. (2005) found substantially less Fos immunoreactivity and c-fos mRNA in the hippocampus of rats exposed for the first time to restraint than to an arena. Other studies noted that novel visual objects or novel gustatory stimuli were not very effective at inducing hippocampal Fos expression (Zhu et al. 1997; MontagSallaz et al. 1999; Wan et al. 1999) , whereas, a novel configuration of visual objects was effective (Wan et al. 1999) . Therefore, increased CA1 hippocampal Fos expression may be selectively related to novel situations that specifically engage the hippocampus, such as spatial configural novelty. Interestingly, Fyhn et al. (2002) recorded CA1 electrophysiological activity of rats in a water maze and found that activity increased with novel platform location, but only when the rat had been trained to locate a Novelty ranks were as follows: fifth exposure to the arena = 1, fifth exposure to the arena with one novel object = 2, fifth exposure to the arena with five novel objects = 3, and first exposure to the arena = 4. a P < 0.002 (critical P applying Bonferroni correction for multiple comparisons).
b P < 0.05. Figure 7 . Effect of first time placement in arena or fifth time placement in arena (with zero, one, or five novel objects) on relative Fos expression in select brain regions outside the hippocampal formation. Rats were placed for the first time in a circular arena that contained zero objects on its floor ("Naïve" group), or fifth time in the arena with zero, one, or five novel objects on the floor. After arena exposure (30 min) rats were returned to their home cage for an additional 120 min. Control rats remained in their home cage. Relative Fos expression was examined within a subregion of primary somatosensory cortex (Barrel Fields), primary motor cortex, and the paraventricular nucleus of the hypothalamus (PVN). *P < 0.01, compared to home-cage control treatment group (N-K test). Some other studies and models support a specific role of the CA3 subregion and dentate gyrus in novelty detection (Hess et al. 1995b; Meeter et al. 2004) . Few studies have examined the effects of selective lesions of hippocampal subregions on noveltydependent behavior. In general, studies in which a substantial portion of the dorsal hippocampus (or its primary efferents) is lesioned support a functional role of the hippocampus in detection of novel spatial relationships, but not novel objects (Save et al. 1992; Mumby and Pinel 1994; Honey et al. 1998; Bussey et al. 2000; Mumby et al. 2002) . Of the few studies that have examined the effects of lesions of hippocampal subregions, Lee et al. (2005a) found that neurotoxic lesion of dorsal dentate gyrus or CA3 produced a greater impairment of spatial novelty-dependent exploratory behavior than did lesion of CA1. However, the same group has found that lesion of the CA1 subregion produces greater impairment than lesion of CA3 or dentate gyrus on tasks that depend on recall of the temporal order in which spatial locations were visited (Gilbert et al. 2001; Lee et al. 2005b ). Our results do not preclude the involvement of other hippocampal subregions in environmental novelty detection, but changes in CA3 and dentate gyrus neural activity as a result of the novel features of our experimental conditions were not sufficient to alter the overall number of Fos immunoreactive cells within those subregions.
The perirhinal cortex may also play a role in novelty detection, but one that differs from the hippocampal formation. Neuronal activity in the perirhinal cortex appears to register novel exposure to objects that is independent of their association with other objects or contexts (Kumaran and Maguire 2007) . Moreover, there is some evidence that this object novelty detection occurs independent of hippocampal formation function (Wan et al. 1999; Brown and Aggleton 2001) . Interestingly, in this study we found that first time exposure to a circular arena induced greater Fos expression in the perirhinal cortex than did the fifth exposure. Thus, this novel experience in the absence of discrete object stimuli was sufficient to induce greater Fos expression in the perirhinal cortex, and this response was attenuated by the fifth exposure. Whether this novelty related Fos expression was independent of the parallel novelty related Fos expression observed in the output components of the hippocampal formation remains to be determined. The subregion of perirhinal cortex (rostral-ventral region) that we examined has a fairly extensive reciprocal connection with the lateral entorhinal cortex, but very little direct connection with any other component of the hippocampal formation (Furtak et al. 2007) .
The greater Fos expression in CA1 and layer five of the entorhinal cortex associated with novelty does not appear to be secondary to some general arousal level that may have resulted from the heightened stress/anxiety of novelty. The arena exposure did not appear to be very stressful for any of the treatment conditions. Novel arena or object exposure produced an increase rather than decrease in exploratory behavior, with decreased behavior expected if there was high anxiety and freezing behavior. In addition, no differences in Fos expression in the PVN were observed between the different treatment groups, suggesting comparable levels of hypothalamic-pituitary-adrenal axis activation (Pace et al. 2005) .
In contrast to all other brain regions examined, we observed a decrease in the number of Fos immunoreactive cells in the infrapyramidal blade of the dentate gyrus upon exposure to the arena. This is a robust phenomenon that we and others have previously observed after exposure to a variety of novel experiences (Chowdhury et al. 2000; Fevurly and Spencer 2004; Pace et al. 2005) . Historically, no distinctions in the functional, structural, and neural innervation of the two blades of the dentate gyrus have been emphasized. However, more recent studies have identified a number of neurochemical, neuroanatomical, and functional differences between the two blades (Hartmann et al. 1992; Tamamaki 1997; Scharfman et al. 2002; Choi et al. 2003; Kim et al. 2004; Witter and Amaral 2004) .
In summary, first time exposure to a novel environment or novel objects within a familiar environment produced a selective augmentation of Fos expression in dorsal CA1 hippocampal neurons, one of their projection sites, layer five of the lateral entorhinal cortex, and perirhinal cortex. These data support the hypothesis that general hippocampal activity is altered by environmental novelty and the prospect that novelty detection is an emergent process within the hippocampus that is manifest by heightened Fos expression in the cortical output, but not input circuit components. Concurrent novelty-dependent increases in Fos expression in perirhinal cortex may represent altered neural activity relayed from the entorhinal cortex, or it may reflect an independent novelty detection process that also emerges with the particular test conditions used in this study.
Materials and Methods
Subjects
Adult male Sprague-Dawley rats were purchased from Harlan (Facility 218, Prattville, AL) and housed in animal facilities at the University of Colorado. Rats were housed two per cage in polycarbonate tubs (47 ‫ן‬ 23 ‫ן‬ 20 cm) with wood chip bedding in a temperature (22°C ‫ע‬ 2°C) and humidity controlled room. Lights were maintained on a 12:12 h light/ dark cycle (lights on 07.00 h). Food and water were continuously available except during the time of experimentation. Rats were given 2 wk to acclimate to the animal facility prior to exposure to experimental procedures. All procedures were approved by the University of Colorado at Boulder Institutional Animal Care and Use Committee.
Novel environment and objects
Arena exposure consisted of placing a rat on the floor of the test room in the center of a large circular sheet metal enclosure (2-m diameter, 1-m-high wall). The floor inside the arena was cleaned with a damp towel and dried before each rat was placed in the arena. For some rats on the experimental test day the arena included placement of one or five different objects on the floor of the arena. Objects consisted of two small plastic toys, a set of keys, a paperweight, and an empty pipet-tip box. Each item was heavy enough that the rats could not easily push them around on the arena floor. Objects were distributed evenly around the arena, approximately midway between the center and perimeter wall. For each session rats were placed directly in the center of the arena. The arena containing room was adjacent to, but separate from the home-cage room.
Experiment 1 procedure: Variation in environmental complexity
Rats were randomly divided into four treatment groups (n = 4). Three groups were placed into an arena for the first time, and the groups differed in whether the arena contained zero, one, or five objects on its floor. Thirty minutes after arena exposure rats were returned to their home cage, and then 120 min later were deeply anesthetized for transcardial perfusion. The fourth group (Control group) remained undisturbed in their home cage until they were deeply anesthetized for transcardial perfusion. Arena exposure occurred between 0900 and 1200 h. (zero, one, or five) and in the number of novel objects present in the arena on the test day (zero, one, or five). The experiment was conducted over five consecutive days. Three groups of rats were placed in an arena that had no objects on the floor for 30 min a day for four consecutive days. On the fifth day (test day), rats were returned to an arena (30 min) that contained zero (Arena group), one (Arena + one object group), or five (Arena + five objects group) novel objects. Two additional groups of rats (Control group and Naïve group) remained in their home cages until the test day. On the test day Naïve rats were given, for the first time, 30 min of exposure to an arena that did not contain objects. Control rats remained undisturbed in their home cage until they were deeply anesthetized for transcardial perfusion. Rats in the other four treatment groups were returned to their home cage after arena exposure, and then 120 min later were deeply anesthetized for transcardial perfusion. Arena exposure occurred between 0900 and 1300 h each day, and the time of day for arena exposure was counterbalanced across treatment groups. This experiment was conducted with two separate cohorts of rats and the same procedure was followed for each cohort (with four rats per treatment group in each cohort).
Experiment 2 procedure: Variation in environmental novelty
Ambulatory behavior
Videotapes of the test day session from the second experiment were scored for general ambulatory activity. The person scoring the videotapes used a stopwatch to measure the total amount of time that each rat was engaged in ambulatory movement during the first and second 10-min intervals after placement in the arena. Ambulatory movement was defined as movement of all four limbs from one place to another, rather than simple head movements, rearing, sniffing, or stretching.
Tissue preparation and immunohistochemistry
At the appropriate experimental time point, rats were deeply anaesthetized (75 mg/kg ketamine/15 mg/kg xylazine i.p.) and transcardially perfused with 400 mL of heparinized (1 unit/mL) 0.01 M phosphate buffer followed by 400 mL of 4% paraformaldehyde in phosphate buffer. After extraction, brains were postfixed in 4% paraformaldehyde phosphate buffer at 4°C for ∼48 h. Brains were sectioned (50 µm thick coronal sections) with a vibratome (Vibratome Co.). Fos protein was visualized using a standard avidin-biotin-horseradish peroxidase immunohistochemical procedure. Tissue sections were incubated overnight in a rabbit polyclonal anti-c-Fos antibody (sc-52, Santa Cruz Biotechnology; 1:7500 dilution) that, according to the supplier, does not cross-react with other Fos-related gene products such as Fos B, Fra-1, or Fra-2. After washing in assay buffer (0.01 M sodium phosphate), sections were incubated in biotinylated goat antirabbit antibody (Vector Laboratories Inc.; 1:750 dilution) followed by incubation in an avidin-biotin-horseradish peroxidase solution. Diaminobenzidine (DAB, 0.2 mg/mL in the presence of 7 mg/mL nickel ammonium sulfate) was used as chromogen. To allow for a direct comparison of the number of immunopositive cells between different brains, all brain sections from a given experimental cohort were processed simultaneously in the same pool of each reagent using staining net dishes (Brain Research Laboratories).
Fos-positive cell counts
The number of Fos-positive cells was counted using a computerized image analysis system (Olympus Microsuite Analysis 3.2; Soft Imaging System Corp.). A threshold gray level for positive cells that was ∼50% of the maximum gray level signal over background was chosen. For a given brain region, four to six separate counts taken from separate sections/hemispheres were conducted for each brain and were then averaged to yield a final value for that brain. Brain sections to be analyzed were coded so that cell count analysis was performed by an individual who did not know the treatment group assignment for each section.
Sections (six per brain) for analysis of Fos immunoreactivity in the dorsal hippocampus, dentate gyrus, lateral entorhinal cortex, and perirhinal cortex were centered approximately around 3.6 mm posterior to bregma. Within the hippocampus, cell counts were performed over the pyramidal cell body layer extending from subregions CA1-CA4. The rat brain atlas of Paxinos and Watson (1998) was used as a visual guide for determining subregion boundaries (Fig. 1) . The CA4 region was designated as the hippocampal principal cell layer that was located between the two blades of the dentate gyrus. Within the dentate gyrus, separate cell counts were performed over the granule cell body layer in the suprapyramidal (inner) blade and the infrapyramidal (outer) blade. To control for the slight differences in hippocampal brain region cross-sectional area, Fos-positive cell counts were expressed as the number of cells per subregion square micrometer. Within the lateral entorhinal cortex a uniform rectangular region of interest was centered over a relatively dense cell body layer close to the lateral surface (approximately cortical layer two) and a second uniform rectangular region of interest was centered over a relatively dense cell body layer close to the amygdalar capsule (approximately cortical layer five). Within the perirhinal cortex there was a relatively uniform distribution of Fospositive cells across all of the deeper cortical layers, with very few Fos-positive cells evident in the superficial portion of perirhinal cortex. A rectangular region of interest was centered over the Fos-positive cell containing deeper layers of perirhinal cortex. For the PVN, immunopositive cells were counted within the entire nucleus including both parvocellular and magnocellular neurons (centered ∼1.8 mm posterior to bregma). The majority of Fos immunopositive cells, however, were localized to the medial parvocellular portion of the nucleus (data not shown). On the same coronal sections that contained the PVN, Fos immunopositive cell counts were determined for the primary motor cortex and the primary somatosensory cortex (barrel field), using a uniform rectangular region of interest that spanned all cortical layers.
Statistical analysis
In order to provide for a direct comparison of relative Fos immunoreactivity between experiments 1 and 2 and between brain regions within an experiment, data were transformed as a percent of the mean value for the home-cage Control group. Fos data were initially analyzed for each brain region with separate one-way analysis of variance (ANOVA) tests. Unless indicated otherwise, the Student-Newman-Keuls multiple comparison test (N-K) was used to examine pairwise differences between treatment groups for analyses in which there was an overall treatment effect (␣-level < 0.05).
For the second experiment, ambulatory activity of rats placed in an arena ‫ע(‬ novel objects) on the test day was scored. Because the overall levels of ambulatory activity varied between the two cohorts, ambulatory activity was transformed as a percent of the mean value for the first 10-min interval of the Arena group of each cohort. Analysis (ANOVA) of pooled behavioral data in Experiment 2 that included a cohort factor found no significant cohort by treatment interaction. Ambulatory behavior was analyzed with a mixed design two-way ANOVA (treatment group as a between-group variable, and test day time interval as a within-group variable). The Student-Newman-Keuls multiple comparison test was used to examine pairwise differences between treatment groups (␣-level < 0.05).
A correlational analysis (Pearson correlation) for the second experiment was also conducted to determine if there was a linear relationship between the number of Fos-positive cells within a particular brain region and either ambulatory behavior of rats or the extent of novelty present during the test day condition. The extent of novelty present was assigned a rank value of 1-4, with exposure to the arena for the fifth time (containing zero objects) considered least novel (rank = 1), exposure to the arena for the first time (containing zero objects) considered most novel (rank = 4), and exposure to the arena for the fifth time with one or five novel objects considered to have intermediate levels of novelty (rank = 2 and 3, respectively).
A computer graphing and statistical package (KaleidaGraph, v 4.02, Synergy Software) was used to perform the analyses. Data presented in the figures represent group means ‫ע‬ SEM.
